We developed genetically encoded voltage indicators (GEVIs) using bright near-infrared (NIR) 21 fluorescent proteins from bacterial phytochromes. These new NIR GEVIs are optimized for 22
combination of voltage imaging with simultaneous blue light optogenetic actuator activation. 23
Iterative optimizations led to a GEVI here termed nirButterfly, which reliably reports neuronal 24 activities including subthreshold membrane potential depolarization and hyperpolarization, as 25 well as spontaneous spiking, or electrically-and optogenetically-evoked action potentials. This 26 enables largely improved all-optical causal interrogations of physiology. 27 28 29 has been ongoing for the last several decades 1-3 . Current GEVIs already allow the direct optical 31 monitoring of fast electrical signals at high spatiotemporal resolution and coverage in vitro and in 32 vivo 4-7 . Like genetically encoded calcium indicators (GECIs), GEVIs enable cell class specific 33 large-scale mapping of neuronal activities in vivo 1, [8] [9] [10] . In contrast to GECIs, GEVIs are not only 34 able to report action potentials, but also depolarizing subthreshold potentials and 35 hyperpolarizing (inhibitory) potentials that underlie information processing at the neuronal level. 36
GEVIs also supersede classic voltage-sensitive dyes, which are difficult to target to specific cell 37 classes and require invasive staining procedures. GEVI-based voltage imaging therefore offers 38 enormous potential for delineating functional electrical processing mechanisms in 39 neurophysiology. 40
41
Both observation and control of electrical signals of defined neuronal populations is necessary to 42 establish causal relationships between neuronal circuit mechanism and behaviors. This can be 43 achieved simultaneously by the combined expression of spectrally non-overlapping optogenetic 44 actuators for stimulating activity and GEVIs for recording the activity; an approach that has been 45 coined as "all-optical electrophysiology" (AOE) 11 . Current AOE offers proof-of-principle but is 46 limited by the low fluorescence quantum yield (QY) of the optical indicators of the 47 of miRFPs and the cation channel opsin CheRiff 11 ( Fig. 1a ) allow largely improved AOE with 56 high application potential in biological systems. 57
58
We generated ratiometric NIR GEVIs from voltage sensitive fluorescent protein (VSFP) chimeric 59
Butterfly design -using a synthetic voltage sensing domain derived from the Ciona intestinalis 60 voltage sensing phosphatase 15 and Kv3.1 potassium channel (Ci-VSD) 16 -by substituting its 61
Forster resonance energy transfer (FRET) fluorescent protein (FP) pair with a pair of miRFPs. 62 (miRFP670 14 and miRFP720, FRET donor and FRET acceptor, respectively; Fig. 1b ). Early 63 prototypes of these NIR GEVIs exhibited FRET ( Fig. 1c ) and retained the localized membrane 64 targeting properties from VSFPs when expressed in cultured human embryonic kidney-293 65 (HEK293) cells ( Supplementary Fig. 1a-b) . Functional testing demonstrated a decrease in 66 donor fluorescence and a smaller increase of acceptor fluorescence upon membrane 67 depolarization of patch-clamped HEK293 cells ( Fig. 1d, Supplementary Fig. 1b-d ). This feature 68 allows ratiometric measurements (acceptor/donor) known to be more resistant to artefacts from 69 movement and dye fading compared with monochromatic indicators. We successively evolved 70 better performing variants (larger dynamic range with fast kinetics) by iterating between patch 71 clamp assay and variations in both the length and amino acid composition of the linker regions 72 between donor FP and VSD and between VSD and acceptor FP (Linkers 1 and 2 respectively, 73 Fig. 1 ). We then selected the three best candidate variants 74 (dubbed NIR GEVIa, -b -c, highlighted green in Fig. 1d ) for a more thorough biophysical 75 characterization in HEK293 cells (Figs. 1e-g, Supplementary Fig. 2 ). In this assay, the 76 fluorescence ratio of NIR GEVIb increased by up to about 8% (5.58% ± 2.16 ΔR/R; mean ± SD, 77 N = 11 cells) upon a depolarization step from -80 mV to 20 mV, with an approximately linear 78 relationship between fluorescence ratio and membrane voltage ( Fig. 1f) . Importantly, the 79 response ON-and OFF-time constants were fast (2.16 ± 0.55 ms, from -70 mV to 0 mV; 2.13 ± 80 0.42 ms, from 0 mV to -70 mV when fitted with a single exponential time constant; mean ± SD) 81 and time constants were less voltage-dependent than those observed with yellow/red Butterfly 16 82 ( Fig. 1g, Supplementary Fig. 2) . 83 84 NIR GEVIa, -b -c were then evaluated in neurons of cortical primary cultures. All three exhibited 85 very good sensitivity (NIR GEVIa: 9.3 ± 1.2 % ΔR/R / 100 mV, NIR GEVIb: 9.3 ± 2.6 % ΔR/R / 86 100 mV, NIR GEVIc 5.6 ± 1.1% ΔR/R / 100 mV). We have chosen NIR GEVIb as the most 87 promising variant and termed it nirButterfly. nirButterfly reports action potentials and 88 subthreshold membrane potential fluctuations with single sweep resolution (Figs. 2b-c) using 89 relatively modest excitation intensity, not exceeding 50 mW/mm 2 , a value much below the 90 average power density of infrared light routinely used for two photon microscopy. 91 92 Finally, we established AOE by co-transfecting cultured cortical neurons with a nirButterfly 93 plasmid and a CheRiff-IRES-NLS-mTagBFP2 plasmid encoding the blue-shifted cation channel 94 opsin variant CheRiff. Like current injections through a patch clamp electrode, the CheRiff-95 mediated photocurrent triggered action potentials and subthreshold depolarizations were readily 96 resolved in the optical recording (Figs. 2d) . Most importantly, the red light used for nirButterfly 97 fluorescence excitation did not induce any changes in membrane potential, as expected from 98 the complete spectral separation of the actuator opsin and NIR GEVI (Fig. 1a) . NIR GEVIs offer 99 sufficient SNR for reliable detection of action potential without averaging (Fig. 2d , 
Figs. 1b, 1d, Supplementary

